To probe the evolution and phylogeny of Listeria monocytogenes from defined host species and environments, L. monocytogenes isolates from human (n ‫؍‬ 60) and animal (n ‫؍‬ 30) listeriosis cases and food samples (n ‫؍‬ 30) were randomly selected from a larger collection of isolates (n ‫؍‬ 354) obtained in New York State between 1999 and 2001. Partial sequencing of four housekeeping genes (gap, prs, purM, and ribC), one stress response gene (sigB), and two virulence genes (actA and inlA) revealed between 11 (gap) and 33 (inlA) allelic types as well as 52 sequence types (unique combination of allelic types). actA, ribC, and purM demonstrated the highest levels of nucleotide diversity ( > 0.05). actA and inlA as well as prs and the hypervariable housekeeping genes ribC and purM showed evidence of horizontal gene transfer and recombination. actA and inlA also showed evidence of positive selection at specific amino acid sites. Maximum likelihood phylogenies for all seven genes confirmed that L. monocytogenes contains two deeply separated evolutionary lineages. Lineage I was found to be highly clonal, while lineage II showed greater diversity and evidence of horizontal gene transfer. Allelic types were exclusive to lineages, except for a single gap allele, and nucleotide distance within lineages was much lower than that between lineages, suggesting that genetic exchange between lineages is rare. Our data show that (i) L. monocytogenes is a highly diverse species with at least two distinct phylogenetic lineages differing in their evolutionary history and population structure and (ii) horizontal gene transfer as well as positive selection contributed to the evolution of L. monocytogenes.
Listeria monocytogenes is a facultative intracellular human food-borne and animal pathogen that may cause severe invasive disease in immunocompromised individuals (46) . Clinical manifestations of invasive human listeriosis include meningitis, encephalitis, late-term spontaneous abortion, and septicemia. The vast majority of human listeriosis infections (99%) are thought to be food borne (28) , and L. monocytogenes has been isolated from various raw and ready-to-eat foods (14, 57) . In animals, L. monocytogenes has been associated with invasive infections of more than 40 species of mammals and birds. L. monocytogenes is able to survive and multiply outside mammalian hosts for extended periods of time and can endure environmental stress conditions that kill many other food-borne bacterial pathogens. Consequently, L. monocytogenes has been isolated from a variety of environmental sources, including surface water, soil, sewage, vegetation, and food-processing plants, and is often considered ubiquitous in nature (10) . The ability of a pathogen to infect multiple host species and colonize diverse environments may play an important role in the transmission and pathogenesis of food-borne diseases (61) . We thus selected L. monocytogenes as a model organism to study the evolution of food-borne and zoonotic pathogens with transmission dynamics that involve complex interactions between the pathogen, diverse environments, and multiple host species.
Traditionally, L. monocytogenes has been differentiated into 13 serotypes; only four of these serotypes (1/2a, 1/2b, 1/2c, and 4b), however, have been reported to cause a large majority of human listeriosis cases (reviewed in reference 58). Molecular subtyping methods (e.g., automated ribotyping and pulsedfield gel electrophoresis) allow for more sensitive discrimination of L. monocytogenes subtypes than phenotypic methods (e.g., serotyping) and have provided an initial understanding of the population structure of this pathogen (58) . Data generated with most molecular subtyping methods have shown that L. monocytogenes isolates can be grouped into two major genetic divisions or lineages, termed lineages I and II (reviewed in reference 58). In addition, some studies have described the existence of a third, less common, L. monocytogenes lineage (lineage III), which appears to be predominantly associated with animals (19, 60) . While a variety of different nomenclatures have been used to designate these L. monocytogenes lineages, we will refer to these lineages as I, II, and III following the designations previously used by our group (58, 60) and others (7, 55) . Lineage I predominantly includes serotypes 1/2b, 3b, 3c, and 4b strains, while lineage II primarily includes serotypes 1/2a, 1/2c, and 3a (30) . Interestingly, previous reports have shown that lineage I strains are significantly overrepresented among human clinical listeriosis cases compared to their prevalence among animal listeriosis cases and contaminated foods (15, 19, 34) . On the other hand, lineage II strains show a significantly higher prevalence among food isolates and animal clinical cases than among human listeriosis cases (15, 19) . In addition, lineage I isolates appear to have significantly greater pathogenic potential, as determined by their ability to spread to neighboring host cells in a cell culture plaque assay, than lineage II isolates (15, 34, 60) . Thus, there is increasing consensus that lineage I strains may represent a human hostadapted lineage, while lineage II strains may represent an environmentally adapted lineage (58) . While initial compara-tive genomics studies have shown considerable differences in genome content between lineage I and II isolates (8, 65) , an improved understanding of the molecular phylogeny and evolution at the nucleotide level of these L. monocytogenes lineages is needed to provide a better understanding of the transmission, pathogenesis, and niche adaptation of this food-borne pathogen.
Most molecular epidemiology studies on L. monocytogenes have used DNA banding pattern-based subtyping methods (e.g., pulsed-field gel electrophoresis and ribotyping). However, these methods are difficult to standardize, and the data generated are not suitable for phylogenetic and evolutionary analyses (59) . Multilocus sequence typing (MLST), on the other hand, represents a reliable high-throughput universal subtyping method that provides data appropriate for phylogenetic and evolutionary analyses. Similar to multilocus enzyme electrophoresis, MLST surveys several conserved loci, such as housekeeping genes, that diversify slowly and are not heavily influenced by evolutionary forces other than point mutations (i.e., positive selection and recombination) (26) . Although preliminary L. monocytogenes MLST studies have been reported (4, 29, 42, 66) , these studies used convenient and nonrepresentative sample sets, which were also usually small (Ͻ50 isolates, except for reference 42) and predominantly (except for reference 29) focused on development of subtyping methods. While Ward et al. (55) also recently reported a phylogenetic analysis of L. monocytogenes based on DNA sequence data for virulence genes located in the prfA virulence gene island, analysis of potentially horizontally transferred and positively selected genes in a single location does not provide for an accurate representation of the evolution of a particular group of organisms and allows conclusions on the evolution of only the specific virulence genes sequenced.
In order to overcome some of the limitations of previous MLST studies on L. monocytogenes, such as the lack of studies on a widely and randomly collected set of L. monocytogenes isolates (4, 29) , we assembled a representative, geographically matched set of 120 L. monocytogenes isolates from humans and animals with clinical listeriosis as well as from foods. These isolates were characterized by partial sequencing of four housekeeping genes, one stress response gene, and two key L. monocytogenes virulence genes. Our data show that L. monocytogenes is a highly diverse species with at least two deeply separated evolutionary lineages, which have different population structures. We also showed that horizontal gene transfer as well as positive selection contributed to the evolution of L. monocytogenes present in the food continuum. This knowledge provides a critical framework to allow differentiation and characterization of L. monocytogenes strains that may have evolved to infect human hosts (i.e., "host-adapted strains") and those that may have evolved both to survive under environmental stress conditions and to infect various hosts (i.e., "generalist strains").
MATERIALS AND METHODS

L. monocytogenes isolates.
A total of 120 geographically and temporally matched L. monocytogenes isolates were selected from 354 human and animal clinical and food isolates collected between January 1999 and December 2001 in New York State as part of an ongoing study to probe the epidemiology and ecology of L. monocytogenes. These isolates were selected to represent the L. monocytogenes diversity associated with different sources in a given geographic region. Human isolates were obtained from the New York State Department of Health (NYSDOH) and the New York City Department of Health and Mental Hygiene (NYCDOHMH) as previously described (43) . Food isolates were obtained from the New York State Department of Agriculture and Markets, which performs routine surveillance for L. monocytogenes in food products as previously described (43) . Animal clinical isolates were obtained from the New York State Veterinary Diagnostic Laboratory. All isolates represent human and animal cases that occurred in New York State or foods that were collected from retail operations or processing plants located in New York State.
The 120 L. monocytogenes isolates used in this study were selected to include 60 isolates from human listeriosis cases (30 isolates from New York City residents [isolates obtained from the NYCDOHMH] and 30 isolates from residents of New York State excluding residents of New York City [isolates obtained from the NYSDOH]), 30 isolates from animal listeriosis cases, and 30 food isolates. Furthermore, the isolates were selected to evenly represent the 3-year time period from 1999 to 2001. More specifically, 40 isolates were selected to represent each year of this 3-year time period, so that the 40 isolates from a specific year included 10 human isolates from New York City, 10 human isolates from the remainder of New York State, 10 animal isolates, and 10 food isolates. All isolates were selected from the larger collection of 354 isolates using randomnumber tables; prior genetic characterization and lineage information for isolates were not used as factors in isolate selection. Human clinical isolates from New York City and the remainder of New York State (representing smaller cities and rural areas) were included to capture the L. monocytogenes diversity that might be associated with urban and rural populations; overrepresentation of human isolates should not affect the conclusions of our study, since no comparisons between diversity among different sources were performed.
All 120 L. monocytogenes isolates had previously been characterized by automated EcoRI ribotyping (41) ; EcoRI ribotype data were used to classify isolates into three genetic lineages (lineages I, II, and III) as previously described (60) . Detailed information on these isolates is available in supplemental (41) . Allelic types, defined as a unique combination of polymorphisms within an individual gene, and sequence types (STs), defined by a unique combination of allelic types within the concatenated seven-gene data set, were also assigned using DnaSP.
Average uncorrected percent pairwise nucleotide differences were determined using the pairdiff procedure in PAUP‫ء‬ (50) and separate individual gene alignments containing all isolates, lineage I isolates only, and lineage II isolates only. Average uncorrected percent pairwise nucleotide differences were also determined for sigB sequences from other Listeria species, including Listeria innocua (n ϭ 48), Listeria seeligeri (n ϭ 48), and Listeria welshimeri (n ϭ 48) isolates Analysis for evidence of conflicting phylogeny. A compatibility method, implemented in the RETICULATE program (18) , was used to detect evidence of reticulate evolution. Analyses were conducted using concatenated nucleotide alignments of the seven gene fragments sequenced for all L. monocytogenes isolates as well as for lineage I and lineage II isolates only. RETICULATE assesses the level of phylogenetic cohesiveness for phylogenetically informative sites both within and between genes.
Sawyer's test for recombination was performed using the GENECONV program (44) . GENECONV default settings were used, and analyses were performed using individual gene alignments with a single isolate representing each unique allelic type.
Phylogenetic analysis. MODELTEST (37) was used to optimize parameters to infer maximum likelihood phylogenetic trees in PAUP‫ء‬ (50) . The likelihood ratio test (LRT) was used to determine the most likely model of DNA substitution for each L. monocytogenes gene; this test compares nested models of DNA substitution using hierarchical hypothesis testing to determine which model best describes the observed sequence data for each gene. The LRT statistic was calculated by 2 ϫ log ⌬ where ⌬ ϭ L 0 (null model data)/L 1 (alternative model data), L 0 is the likelihood estimate for the simple model, and L 1 is the likelihood estimate for the model with more free parameters. The degrees of freedom were determined by the difference in the number of free parameters between the null and alternative models, and the test statistic was approximated to a 2 distribution to determine statistical significance (37) . Due to intensive computational requirements, the molecular clock hypothesis was tested using a randomly selected subset (n ϭ 30) of sequences. More specifically, a maximum likelihood tree using optimized parameters determined by MODELTEST was constructed both with and without the molecular clock constraint for each L. monocytogenes gene, and the LRT (with n Ϫ 2 degrees of freedom) was used to test the null hypothesis that all representative isolates in the data set evolved according to a molecular clock.
Due to the large size of our data set, a single isolate representing each unique ST (n ϭ 52) was used to infer phylogenetic trees for individual L. monocytogenes genes. Maximum likelihood trees were generated with PAUP‫.ء‬ Heuristic searches were performed using equal weights for all sites, and the tree bisectionreconnection branch-swapping algorithm was employed. Confidence measures for maximum likelihood tree branch points were generated by performing 100 bootstrap replicates using the heuristic search algorithm described above and parameters defined by MODELTEST. Maximum likelihood trees generated for housekeeping genes and sigB were rooted with homologous gene sequences from Bacillus subtilis (http://genolist.pasteur.fr/SubtiList/). Sequences for the lineage III isolates (n ϭ 3), which been have shown to be distantly related to lineages I and II (60) , were used to root phylogenetic trees for actA and inlA, since these genes do not have a B. subtilis homologue.
Analysis for positive selection. Genes with an average d N /d S ratio () of Ͼ0.1, as estimated by DnaSP, were further tested for the presence of positive selection among amino acid sites using the Phylogenetic Analysis by Maximum Likelihood (PAML) software program version 3.13 (62) . The LRT was used to compare null models 0, 1, and 7 to alternative models 3, 2, and 8, respectively. Comparing models 0 and 3 tests for variation in selective pressure along a sequence. Comparing model 1 to model 2 and model 7 to model 8 tests the hypothesis that a gene contains amino acid sites that are under positive selection. While models 1 and 2 use a discrete number of site classes for values (allowing for two and three distinct values, respectively), models 7 and 8 use a discrete approximation of a continuous distribution of values (allowing for 10 and 11 distinct values, respectively). Models 2 and 8 identify codons that fall into a category where is Ͼ1 and therefore may be under positive selection. In models 2 and 8, an empirical Bayesian approach is used to calculate the posterior probability that an amino acid site fits in each site class and sites with a high posterior probability of falling into the class of of Ͼ1 are considered to be under positive selection (1, 32, 64) . Models 2 and 8 were run twice with initial estimates less than 1 and greater than 1. The best likelihood estimate from these two runs was used for the LRT.
RESULTS
Descriptive analysis of nucleotide sequence data. A concatenated data set based on partial sequencing of 561-to 771-bp fragments (Table 2) of four housekeeping genes, one stress response gene, and two virulence genes revealed 506 polymorphic sites and 52 STs, while a concatenated data set that included the four housekeeping genes and the one stress response gene sequenced revealed only 341 polymorphic sites and 46 STs among the 120 isolates characterized.
STs and allelic types for all isolates are available in supplemental Table S1 (at http://www.foodscience.cornell.edu/wiedmann /Nightingale%20Supplementary.txt). All STs were exclusive to either lineage I or II. The 120 isolates represented a total of 39 unique EcoRI ribotypes, and multiple STs were thus found within a given EcoRI ribotype. Burst analysis (data not shown) further showed that the same ribotype could be found in multiple clonal complexes or could represent multiple singletons. The virulence genes actA and inlA along with purM and ribC were the most discriminatory loci; these four loci segregated for 30, 33, 29, and 24 unique alleles, respectively (Table 2) . Housekeeping and stress response gene fragments contained between 9 and 146 polymorphic sites, while actA and inlA contained 93 and 72 polymorphic sites, respectively ( Table 2 ).
The greatest nucleotide diversity ( Ͼ 0.05) was observed for actA, ribC, and purM (Table 2 ). A total of three different inlA nonsense mutations (inlA alleles 3, 21, and 26; supplemental Table S1 ), which are predicted to lead to a truncated form of internalin A protein, were identified; these mutations were found in one human (allele 3) and eight food isolates (allele 3, n ϭ 1; allele 26, n ϭ 1; and allele 21, n ϭ 6).
Descriptive analysis was also performed for nucleotide sequence data stratified by evolutionary lineage (I [n ϭ 69] and II [n ϭ 48]) ( Table 2) ; sequence data for lineage III isolates were not analyzed separately due to the small number of isolates (n ϭ 3). All L. monocytogenes isolates contained 433 binary parsimony informative sites along the 4,553 bases sequenced. Lineage I and II isolates contained 70 and 292 parsimony informative sites, respectively. Generally, alleles were unique to lineages. The only exception was a single gap allele (allele 1), which was found in 39 lineage I isolates as well as in a single lineage II isolate. However, this observation needs to be interpreted in the context of the overall nucleotide diversity of the genes studied here; gap showed by far the lowest level of diversity ( ϭ 0.0037; number of polymorphisms ϭ 9) of all genes sequenced. With the exception of sigB, nucleotide diversity was higher among lineage II isolates than among lineage I isolates; this difference in nucleotide diversity was particularly striking for purM ( ϭ 0.0614 and 0.0034 for lineage II and I isolates, respectively) ( Table 2 ). There were no apparent differences in GϩC content between the lineage I and II sequences for each gene (Table 2 ).
Tajima's D test compares the population mutation rate, which is estimated from the number of segregating sites, to the average pairwise nucleotide distance to determine whether the observed frequency of segregating mutations agrees with the expected frequency under the standard neutral model (51). Tajima's D statistic for the data set containing all L. monocytogenes isolates yielded positive values for all genes and indicated that actA, ribC, and sigB deviate significantly (P Ͻ 0.05) from the standard neutral model. Within lineage I sequences, negative values for Tajima's D statistic were observed for two genes (inlA and prs) and Tajima's D statistic for none of the seven gene fragments deviated from the standard neutral model (P Ͼ 0.05). Within lineage II sequences, three genes (actA, prs, and sigB) yielded negative D statistic values (Table  2 ) and prs and sigB deviated significantly (P Ͻ 0.05) from the standard neutral model.
Models of evolution.
The DNA substitution models that best explain sequence evolution for individual genes were determined using MODELTEST and the LRT (37) . Four genes ( Table 3) followed an Hasegawa-Kishino-Yano model; this model allows for variable base frequencies and different substitution rates for transitions and transversions (16) . Two genes followed the Tamura-Nei model; this model includes variable base and transition frequencies but equal transversion fre- quencies (52) . actA followed a variation of the Kimura 1981 model, which allows variable base frequencies, equal transition frequencies, and variable transversion frequencies (two transversion rates are allowed in this model) (23, 24, 37) . For all genes, inclusion of a gamma distribution (Table 3) , which allows the rate of substitution to vary along a sequence (63), significantly improved the ability of the model to explain the sequence data. For gap and actA, addition of a parameter to define the proportion of invariate sites (Table 3 ) also significantly improved the ability of the model to explain the sequence data. A randomly selected subset (n ϭ 30) of the full data set (n ϭ 120) was used to evaluate the null hypothesis that a given gene evolved according to a molecular clock. Following a molecular clock implies that all branches in the sample set are the same distance from the ancestral node (tree root) and further suggests that all branches in the tree have evolved at the same rate (3). The null hypothesis that sequences evolve according to a molecular clock was rejected (P Ͻ 0.05) for virulence genes (actA and inlA) and the hypervariable housekeeping genes purM and ribC (29) , while gap, prs, and sigB were shown to evolve according to a molecular clock (P Ͼ 0.05) ( Table 3) .
Phylogenetic compatibility within and between L. monocytogenes genes. The fusion of sequence components from different sources to form a new hybrid sequence either by reciprocal recombination or by gene conversion is often referred to as reticulate evolution (18) . The presence of reticulate evolution consequently means that different regions along a nucleotide alignment have different phylogenetic histories; thus, a single phylogenetic tree may fail to accurately describe the evolutionary history of a set of taxa (18) . The RETICULATE software program (18) was used to construct compatibility matrices of all pairwise comparisons of binary parsimony informative sites within and between each of the seven gene fragments in order to probe for evidence of recombination. RETICULATE results can be displayed graphically, such that compatible pairs of sites are visualized as white cells, while incompatible pairs of sites are visualized as black cells. Overall compatibility contains two components including within-locus compatibility, represented by triangular regions, and between-locus compatibility, represented by rectangular regions (Fig. 1) . All 120 L. monocytogenes isolates as well as lineage I and lineage II isolates only (Fig. 1) showed considerable within-and betweenlocus incompatibilities. The average within-locus compatibility was much higher than the average between-locus compatibility for all L. monocytogenes isolates as well as for lineage I and II isolates only ( Table 4 ), indicating that polymorphisms in distinct chromosomal locations may deliver an incongruent phylogenetic signal. Although lineage II isolates showed relatively low compatibility between loci, sigB was highly compatible (97.2% to 100.0%) with all other loci with the exception of actA (53.8%). Interestingly, while most loci demonstrated similar levels of within-locus compatibility in lineage I and II isolates, the within-locus compatibility for inlA was notably higher for lineage I isolates than for lineage II isolates (Fig. 1) .
The observed overall compatibility for alignments containing all L. monocytogenes isolates as well as lineage I and II isolates only was similar ( Table 4 ). The neighbor similarity score, or the fraction of adjacent neighboring sites with the same color (either compatible or incompatible), was higher than the observed overall compatibility for all L. monocytogenes isolates as well as for lineage I and II isolates only ( Table  4 ). The neighbor similarity score also significantly (P Ͻ 0.0001 for all three data sets; Table 4 ) exceeded the neighbor similarity score based on 10,000 randomized matrices, indicating that the overall pattern of compatibility and incompatibility between sites is not random and that the order of sites along the nucleotide alignment increases clustering of compatible and incompatible sites. Thus, phylogenetic cohesiveness has not broken down completely due to recombination.
Horizontal gene transfer analysis. Sawyer's test for recombination was used to identify segments of the aligned individual gene sequences for which a pair of sequences was sufficiently similar to imply a history of recombination. This method first eliminates monophyletic sites in a given alignment and proceeds to identify identical (concordant) stretches of polymorphisms or "fragments" between a given pair of sequences that are bracketed by two discordant polymorphisms or by one discordant polymorphism and the end of the alignment. Maximum condensed fragment (MCF) length scores were also (44, 45) . MCF scores for inner and outer fragments showed statistically significant evidence (P Ͻ 0.05) for intragenic recombination in prs, purM, ribC, actA, and inlA. Multiple statistically significant (P Ͻ 0.05) global inner fragments were detected for actA, inlA, purM, and ribC, while only a single borderline significant (P ϭ 0.0450) global inner fragment was detected for prs. actA was the only partial gene sequence with significant evidence for global outer recombination; only a single fragment with borderline significance (P ϭ 0.04) was identified (Table 5) . Because point mutations introduced after recombination may obscure the actual beginning and end points of a gene fragment involved in recombination, we defined an independent recombination event as a group of fragments that could be linked to the same 5Ј or 3Ј breakpoints. Using these criteria, the 137 global inner fragments initially identified by Sawyer's test (Table 5 ) could be grouped into 22 independent inner recombination events. While 21 inner recombination events involved lineage II isolates, only 9 and 4 recombination events involved lineage I and III isolates, respectively. While one event occurred within lineage I isolates, for the other events lineage I isolates appear to predominantly have served as donors in a conversion event. A total of 11 recombination events involved only isolates within a given lineage; only one of these events occurred in a virulence gene. On the other hand, of the 11 recombination events between lineages, six occurred in virulence genes. Four independent recombination events included global inner recombination fragments both within a given lineage and between lineages (three for inlA and one for ribC), possibly indicating ancestral recombination events before lineage divergence.
Gene trees. Phylogenetic trees were inferred by maximum likelihood methods from individual gene alignments containing a single isolate to represent each unique ST (n ϭ 52). Lineage I (n ϭ 26) and lineage II (n ϭ 23) STs by and large represented two distinct evolutionary lineages in all gene trees (Fig. 2 ), which were generally strongly supported by bootstrap proportions (Fig. 2) and posterior probabilities (generated using Baysian methods; data not shown). Generally, for different gene trees, no consistent clustering of isolates and subtypes was observed within a given lineage, but some isolates grouped together in different trees (e.g., FSL NN-290 and FSL E1-043 in the gap and purM trees); none of these isolates showed apparent unique epidemiological aspects. While the vast majority of lineage I isolates formed tightly clustered monophyletic groups in all gene trees, lineage II isolates showed greater genetic diversity and often either represented polyphyletic groups (e.g., for sigB, inlA, ribC, and purM; Fig. 2 ) and/or contained sequence types that grouped with lineage I and III isolates (i.e., for prs and ribC; Fig. 2 ). While isolates generally grouped into the same phylogenetic group on the basis of all seven individual gene trees (Fig. 2) , there were a few instances in which for one gene tree, a given isolate did not group within its predicted lineage. In general, only genes that showed sig- Consistent with the evidence supporting reticulate evolution and inconsistent phylogenetic signals between gene sequences as well as multiple intragenic recombination events in actA, inlA, purM, and ribC, consensus trees inferred from concatenated alignments of either all seven L. monocytogenes loci or of the five housekeeping and stress response genes were inconsistent with topologies ascertained from the individual gene trees (not shown). More specifically, the presence of two distinct evolutionary lineages as observed in phylogenetic trees inferred from individual gene data sets was completely obscured when phylogenetic analysis was based on a five-gene or seven-gene concatenated data set. A phylogram based on a concatenated sequence for the three genes that followed the molecular clock hypothesis and showed no or limited evidence for horizontal gene transfer or diversifying selection (i.e., the housekeeping genes gap and prs and the stress response gene sigB) on the other hand allowed for construction of a phylogram consistent with the individual gene phylograms (Fig. 2F ) and appears to provide a good representation of the phylogeny of L. monocytogenes.
Lineage III (n ϭ 3) isolates were not only rare in the isolate set used in this study, but they also represent a rare L. monocytogenes clonal group in general (60) . While lineage III isolates were genetically diverse and clustered differently in the individual gene trees, they broadly clustered with lineage I isolates (although on two separate and distinct clades) in the phylogram based on the concatenated gap, sigB, and prs sequences.
Nucleotide distances within and between lineages. Average pairwise distances within and between lineage I and II isolates were calculated for each gene sequenced to provide a measure of genetic separation between these evolutionary lineages. With the exception of gap and purM, the pairwise distance between isolates representing lineages I and II was much greater than the pairwise distances observed within these lineages (Table 6 ). For all genes except sigB, lineage II isolates showed greater average pairwise distances than lineage I isolates (Table 6 ). The average pairwise nucleotide differences in sigB between L. innocua, L. seeligeri, and L. welshimeri isolates obtained from the natural environment were also determined to compare genetic distances between lineage I and II isolates to distances observed between different Listeria species ( Table   TABLE 4 ratios () of Ͼ1 provide strong evidence for diversifying or positive selection in a given gene, genes and gene fragments with an overall average of Ͻ1 may still contain specific amino acid sites that are under positive selection. A maximum likelihood approach that uses the LRT to compare nested models of heterogeneous selective pressure among amino acid sites was thus used to test genes with an overall of Ͼ0.1 (i.e., actA and inlA) to determine whether specific amino acid sites in these genes may be under positive selection. If the null models that do not include a category for sites with a of Ͼ1 (models 1 and 7) are rejected in favor of the alternative models 2 and 8, respectively, which include a category for sites with a of Ͼ1, then a gene is considered to be under positive selection. Statistically significant evidence (P Ͻ 0.05) for variation of selective pressure among sites (model 0 versus model 3) and positive selection was observed for the 3Ј end of actA (Table 8) . Models 2 and 8 categorized 12 amino acid sites into a site class where is Ͼ1; four of these sites showed statistically significant posterior probabilities (P Ͼ 0.95) for being under positive selection (Table 9 ). For inlA, significant evidence (P Ͻ 0.05) was observed for variation in selective pressure along the fragment sequenced, but the null hypothesis that all amino acid sites are under neutral or constrained selection could not be rejected (P Ͼ 0.05; Table 8 ). However, models 2 and 8 identified 10 amino acid sites that fit into a category where is Ͼ1 and a single codon (Table 9) showed statistically significant evidence for being under positive selection.
Descriptive analyses of positively selected amino acid sites that were identified with posterior probabilities of Ͼ0.95 (Table 9) showed that four different amino acid residues occurred at site 764 in inlA, while two and three different amino acid residues occurred in one and three positively selected amino acid sites in actA, respectively. Statistical analyses indicated that the occurrence of specific amino acid residues at these sites was generally associated with lineage (P Ͻ 0.01 by chisquare test of independence); only amino acid residues at actA amino acid site 461 were not significantly lineage associated (P ϭ 0.065). While two of the amino acid residues at inlA site 764 (A and D) showed exclusive associations with lineage, the other two amino acid residues at this site were found in multiple lineages. For actA, amino acid residues at two of the positively selected sites showed exclusive (site 522) or almost exclusive (site 515) associations with lineages, while specific amino acid residues at the other two sites were found across lineages (Table 9) .
DISCUSSION
Partial nucleotide sequencing of multiple housekeeping genes, two virulence genes, and one stress response gene for 120 L. monocytogenes isolates representing defined sources throughout the food chain, including human and animal clinical listeriosis cases as well as contaminated food samples, provided a highly discriminatory subtyping method, which allowed us to differentiate L. monocytogenes isolates within previously defined EcoRI ribotypes. Phylogenetic analyses (i) confirmed that L. monocytogenes is a highly diverse bacterial species that contains two major, deeply separated evolutionary lineages (lineages I and II) as well as a less common lineage, lineage III, and (ii) showed that horizontal gene transfer as well as positive selection contributed to the evolution of L. monocytogenes virulence genes. While lineage I appears to be highly clonal, lineage II isolates show evidence of a greater history of horizontal gene transfer events in both housekeeping and virulence genes. These findings provide a framework for further studies on the evolution of host specificity and transmission characteristics of different L. monocytogenes strains and lineages. Although previous MLST studies have been conducted for L. monocytogenes (4, 29, 42, 66) , these studies involved convenient retrospective and often small sets of isolates, which failed to adequately represent the genetic diversity of this bacterial species. In addition, these studies did not probe the contributions of both positive selection and recombination on the evolution of L. monocytogenes. The isolate set studied here is representative of the L. monocytogenes diversity among human, animal, and food isolates and thus allows for reliable estimation of evolutionary and population genetics parameters for L. monocytogenes associated with transmission through the food system.
Nucleotide sequencing of multiple loci provides a highly discriminatory method to differentiate L. monocytogenes. Our study showed that partial sequencing of seven L. monocytogenes genes provides a highly discriminatory molecular subtyping method. Consistent with previous studies (4, 39, 66), inclusion of virulence genes in our DNA sequencing-based subtyping scheme increased the discriminatory power over an MLST scheme including only housekeeping genes. While traditional MLST schemes are based solely on housekeeping genes, which are not expected to experience strong selective pressure and are less likely to be affected by horizontal gene transfer (56) , sequencing of virulence genes may also provide important information on the evolution of virulence characteristics of bacterial pathogens. For example, partial sequencing of inlA in our study uncovered three unique inlA nonsense mutations in 8 of 30 food isolates and 1 of 60 human clinical isolates, which are predicted to lead to a truncated internalin A (InlA) protein (K. K. Nightingale, K. Windham, K. E. Martin, M. Yeung, and M. Wiedmann, submitted for publication). Jonquieres et al. (20) previously discovered a similar inlA nonsense mutation that was shown to result in a truncated form of InlA, which is released into the medium rather than anchored to the bacterial cell membrane. Olier et al. (35, 36) further showed that L. monocytogenes isolates that harbor similar nonsense mutations in the 3Ј end of inlA display a diminished capacity to invade human intestinal epithelial cells. The fact that alleles encoding a truncated InlA were predominantly associated with food isolates and rare among human clinical listeriosis isolates further supports that these isolates may show reduced human virulence and illustrates how virulence gene sequencing can aid in the identification and detection of L. monocytogenes strains that differ in virulence. These findings are also consistent with a recent study of 300 human clinical and 150 food isolates from France which identified, using Western blotting, truncated forms of InlA in 4% of human clinical isolates and 35% of food isolates (17) . L. monocytogenes is a very diverse species with at least two deeply separated, species-like evolutionary lineages. Phylogenetic trees constructed for all seven genes supported the hypothesis that L. monocytogenes can be divided into two major evolutionary lineages, consistent with findings from previous studies using different molecular subtyping methods (29, 55, 60, 66) . Lineage III isolates also were shown to group more closely to lineage I isolates than to lineage II isolates, consistent with a recent virulence gene-based phylogenetic analysis (55) . Reconstruction of the phylogenetic history of a bacterial species may be complicated though by the fact that in addition to point mutations, horizontal gene transfer and subsequent recombination may contribute substantially to the divergence of clonal groups (38) . For a given set of taxa, horizontal gene Our data reported here furthermore clearly indicate that L. monocytogenes lineages I and II represent distinct subpopulations. This hypothesis is supported by the observations that (i) horizontal gene transfer of core (nonvirulence) genes predominantly occurs between isolates that belong to the same lineage and (ii) average pairwise sigB gene distances between lineages are similar to those observed between Listeria spp. Specifically, our data not only showed limited horizontal gene transfer of housekeeping genes between lineages but also showed an almost complete absence of shared alleles between lineage I and II isolates, a strong indication for the presence of different species or subspecies in a set of taxa (13, 48, 49) . Consistent with our observations, Salecado et al. (42) have previously reported MLST data that suggest that recombination should be rare between strains belonging to different L. monocytogenes genetic lineages. In addition, individual gene trees also support the hypothesis that lineages represent species or subspecies-like entities, as gene trees consistently grouped isolates into the same lineage and did not reveal consistent subgroups within lineages, which is consistent with a higher frequency of horizontal gene transfer within lineages than between lineages (25) . The generally high level of genetic distance observed between lineages I and II thus appears to directly limit the amount of horizontal gene transfer between lineages. These findings are consistent with observations by Vulic et al. (54) , who showed that as sequence divergence increases, the frequency of homologous genetic exchange decreases exponentially.
Using enteric bacterial taxa as a model, Wertz et al. (56) have shown that molecular evolution data may be used, under a core genome framework, to apply the biological species concept to bacteria. Lan and Reeves (25) defined core genes (e.g., housekeeping genes) as a set of genes shared within a bacterial species and proposed that there is generally no selective advantage to acquiring new core gene alleles by horizontal gene transfer. On the other hand, genes that permit adaptation of a bacterial species to a defined niche may be classified as auxiliary genes; these genes include virulence genes (such as actA and inlA in L. monocytogenes), antibiotic resistance genes, as well as genes encoding innovative metabolic functions, such as toxin genes (56) . The core genome hypothesis thus entails an interspecies barrier for core gene recombination that does not hold true with respect to auxiliary genes. In the current study, gene conversion events for core genes (prs, purM, and ribC) occurred almost exclusively within the same L. monocytogenes evolutionary lineage, while gene conversion for auxiliary genes (actA and inlA) occurred more frequently between isolates from different lineages. Additionally, we observed a single instance of a lineage I isolate carrying a lineage II allele, indicating horizontal transfer of the full gene fragment sequenced. Interestingly, this putative horizontal gene transfer event occurred in gap, a gene for which the nucleotide distance between lineages I and II was much less than that observed between these two lineages for other loci studied. These data are consistent with a deep separation between L. monocytogenes lineages I and II, which appears to act as a barrier to the exchange of genetic information between these two lineages, even though exchange of genetic information between these lineages may occur rarely for nondivergent loci (e.g., gap) and more commonly for virulence genes.
Our conclusion that L. monocytogenes lineages I and II represent distinct evolutionary lineages is also supported by recent comparative genomics studies, which have revealed considerable differences in genome content between L. monocytogenes lineage I and II isolates (8, 66) . For example, Doumith et al. (8) reported that, on the basis of full genome microarray data, approximately 8% of the sequences found in the lineage I strain CLIP 80459 were absent in the lineage II strain EGD-e; this level of genetic diversity resembles the 10% interspecies difference observed between the complete L. monocytogenes EGD-e and L. innocua genomes (12) . Together with previous studies indicating that L. monocytogenes lineage I strains are more commonly associated with human disease outbreaks and cases, while lineage II strains are more commonly associated with animal clinical disease and environmental sources including foods (15, 19, 33) (29) , who, based on a smaller set of isolates including many that were obtained from a single processing plant, found that lineage II strains showed a higher incidence of horizontal gene transfer than lineage I strains. Our findings are also consistent with previous studies, which have shown that different bacterial species can demonstrate considerable diversity of population structure from Neisseria, a species that shows almost free and rapid recombination to Salmonella, a species that appears to be highly clonal and largely unaffected by recombination (25) . While it has historically been assumed that evolution of bacterial species predominantly occurs by point mutations and vertical transmission of genetic material, more recently horizontal gene transfer has been recognized to play an important role in the evolution of many bacterial species (48). Our study adds to an emerging theme that the balance of these two evolutionary forces may critically differ in subpopulations of bacterial pathogens that have adapted to distinct ecological niches and/or show distinct host and tissue specificities (27) . Interestingly, the distributions of amino acid residues at positively selected amino acid sites in actA and inlA showed distinct patterns, with some residues showing exclusive or almost exclusive association with lineages, while others were found in multiple lineages, providing preliminary evidence for lineage-specific selection patterns at these sites.
Comparisons of the relative frequencies of L. monocytogenes lineages I and II in human listeriosis cases and in food products have consistently found that lineages I and II are over-and underrepresented, respectively, among isolates from human listeriosis cases (15, 55, 60) . While Ward et al. (55) have proposed that it is unclear whether this overrepresentation of lineage I represents enhanced human virulence or unique ecological adaptations to food-associated environmental stress conditions, the enhanced cytopathogenicity of lineage I strains over lineage II strains (as determined by plaque assays; 14, 34, 60) supports the hypothesis that lineage I may represent a host-adapted lineage which maintained the ability to survive and multiply under food-associated stress conditions (7) . Even though further comparative phenotypic and genomic analyses will be necessary to fully understand the ecology and transmission potential of L. monocytogenes lineages I and II, we propose that lineage I represents a highly clonal lineage which is adapted to food-borne transmission. Lineage II, on the other hand, appears to represent a "generalist" lineage, which is better adapted to survive and multiply in the environment while still maintaining the ability to cause human disease (7, 33) . While some isolates in lineage II have reduced ability to cause human disease (e.g., through premature stop codon mutations in inlA), other isolates appear to have the ability to infect mammalian and particularly nonprimate mammalian hosts as indicated by their isolation from mammalian hosts with clinical listeriosis (15, 19) . We hypothesize that elevated levels of genetic diversity and elevated recombination rates within lineage II isolates may be critical to maintain a greater ability to adapt to diverse host and/or environmental conditions. As previously noted (29), our findings are similar to those described for the species in the genus Mycobacterium, where the pathogenic mycobacteria (Mycobacterium tuberculosis, Mycobacterium leprae, and Mycobacterium avium subsp. paratuberculosis) appeared to have suffered a bottleneck as recently as 10 to 15 thousand years ago, while the environmental mycobacterial species are not clonal and maintain greater levels of horizontal gene transfer (11, 22) . While differences in population structure between obligate intracellular pathogens and closely related environmental bacteria may not provide the strongest support for our hypothesis, limited other data are available on the difference in the population structure between closely related facultative pathogens and environmental microorganisms. For example, as pointed out by Feil and Spratt (9) , even though pathogenic Escherichia coli bacteria show a clonal population structure, very little is known about the population structure of commensal or environmental E. coli.
Recombination and positive selection contribute to evolution of L. monocytogenes virulence genes. As outlined above, our data indicate that horizontal gene transfer occurred within the virulence genes actA and inlA and that interlineage horizontal gene transfer was considerably more common for these virulence genes than for the core genes sequenced. In addition, actA and inlA showed higher d N /d S ratios than the core gene fragments sequenced. More in-depth analyses also showed that actA in particular showed significant evidence for positive selection among specific amino acid sites. Both horizontal gene transfer and positive selection thus appear to have contributed to the evolution of virulence genes in L. monocytogenes, although the relative contributions of these two forces may differ for different virulence genes. These findings add to an emerging body of evidence that both of these evolutionary forces critically contribute to the evolution of virulence factors in a variety of bacterial pathogens. For example, previous studies have shown that the evolution of the intimin gene in Escherichia coli O111 and the streptokinase gene in Streptococcus pyogenes also included recombination and positive selection as contributing factors (21, 53) . Further studies on positive selection using full-length virulence gene sequences will be necessary though to fully define the contributions of positive selection to the evolution of L. monocytogenes lineages and their virulence characteristics.
Conclusions. DNA sequencing of seven selected genes showed that L. monocytogenes isolates representing populations associated with human and animal clinical listeriosis and contaminated food represent two deeply separated species-like evolutionary lineages, which differ in their evolutionary history and population structure. These findings were also strongly supported by a core phylogeny based on three genes that follow a molecular clock; use of these genes to study the phylogeny of additional L. monocytogenes isolates will provide further insight into the evolution of this pathogen. In conjunction with other previous studies, our data suggest that lineage I strains may represent a predominantly host-adapted clonal group, while lineage II strains represent a genetically diverse L. monocytogenes evolutionary lineage with a more recombinatorial population structure. Lineage II appears to represent a "generalist" lineage, which not only survives well in diverse environments but also includes strains that have the ability to infect mammalian and possibly other hosts. While previous MLSTbased studies have provided evidence for the importance of VOL. 187, 2005 MOLECULAR EVOLUTION OF LISTERIA MONOCYTOGENES 5549 horizontal gene transfer in L. monocytogenes (29, 42) , our study reported here provides for the first time specific evidence that positive selection of virulence genes also contributes critically to the evolution of L. monocytogenes, possibly facilitating fixation of recombination events.
